Electrical stimulation of the primary spines (>10 cm long) of the tropical sea urchin Diadema antlarum elicits graded compound action potentials that are conducted at a constant speed of m27 cm/sec. Ion substitution experiments suggest that these are due to the summation of calcium spikes. Structural studies have revealed the presence of up to 21 regularly disposed nerves within the spine shaft, each nerve bundle including >1000 neurites in the basal region, narrowing to slender groups of processes near the spine tip. The neurites in each nerve range in diameter from <0.1-2 ,um. Most appear to be distal processes of presumed sensory perikarya situated at the level of the tissue cone surrounding the spine base, or more proximally, although some neurites may arise from perikarya near the spine tip. These nerve tracts are thought to correspond to the nerve fibers described by Hamann [(1887) Jena Z. Naturwiss. 21, 114-176] almost a century ago in spines of Centrostephanus longispinus and, thus, to represent a long-neglected region of the echinoid nervous system.
In the last of a classic series of papers devoted to the anatomy and histology of echinoderms published almost a century ago, Hamann (1) reported en passant that while studying decalcified preparations of the sea urchin Centrostephanus longispinus, he detected structures that he believed to be nerve fibers, ascending the spine from the nerve ring that surrounds each spine base. Thus, in a brief passage accompanied by a single figure, Hamann provided the first suggestion of a region of the echinoid nervous system that, until now, has not been further investigated. Although Hamann's observation is cited briefly by Hyman (2) and by Smith (3) , the spinal nerves are not mentioned by Smith (4) or Cobb (5) or in the valuable reviews of the echinoderm nervous system by Pentreath and Cobb (6,  7) ,
We were led to the recognition of a system of nerves in the spines of the tropical sea urchin Diadema antillarum by electrophysiological observations. While studying some properties of the muscles that move the primary spines (8), we found that electrical stimulation of a spine tip elicits synchronized convergent movement of the surrounding spines-comparable with the response to tactile stimulation described by Bullock (9) . We concluded that, after electrical stimulation, a wave of excitation is propagated, in some way, along the spine. This was confirmed by the observation that graded compound action potentials, conducted in both directions, are elicited by electrical stimulation of isolated spines. These action potentials were studied in a standard preparation: a segment of a freshly isolated spine, 10 cm or more long, cut well above the base to ensure absence of muscle or subjacent nerve ring. The action potentials were recorded with a pair of wick electrodes, connected via agar bridges to Ag/AgCl pellets or calomel half-cells, making contact with the spines either suspended in air or immersed in paraffin oil. Electrical stimuli 5-10 msec long were applied via a pair of stimulating electrodes, and another nonpolarizable electrode was used to ground the preparation. The recording electrodes were connected directly to a Tektronix 5A22N differential amplifier, 1 Mfl input resistance, set to a bandwidth of 0.2-300 Hz. The output of the amplifier was fed into the input of a Nicolet digital oscilloscope with which 5-10 consecutive action potentials were averaged to improve the signal-tonoise ratio.
The peak-to-peak amplitudes of the action potentials recorded from spines suspended in air were between 50 and 100 puV, while those recorded from spines immersed in paraffin oil were often B-5 times larger and far more stable. The size of the recorded potentials did not increase appreciably on interposing a high impedance preamplifier or on increasing the bandwidth of the main amplifier. Occasionally, simple diphasic responses were recorded, but generally the recorded waveforms were as illustrated in Fig. 1 .
Conduction velocity was measured in six spines by recording the action potentials at four different distances from the stimulating electrodes. In each instance, over distances of at least 10 cm along the spine, it was found that conduction takes place at a rate of -27 cm/sec (at 21'C-230C).
Experiments have been carried out to assess the influence of the ionic composition of the ambient medium on the electrical activity displayed by the spine. In each experiment, 20 different spines were tested. Each freshly cut spine was placed directly over the electrode array, and a control action potential was recorded. The spine was then immersed for 15 min in artificial sea water with modified ionic composition or in natural sea water to which a range of cations or organic compounds were added. Reversibility of the effects was checked by reimmersion of the spine in natural sea 1555 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. water for 15 min prior to recording. The following observations, which will be described in more We have examined the structure of Diadema spines in quest of the excitable components inferred from the electrical findings. In principle, the action potentials might be generated within the epithelial cell layer investing the spine and continuous with that of the general body surface, or by neurites situated elsewhere within the spine shaft. Disruption of the epidermal spine covering was carried out either by drying the spine surface with paper tissue (which becomes stained with epidermal pigment), or by gently scraping the spine surface with a scalpel. Neither procedure prevented the conduction of the action potentials, militating against the spreading of excitation by an epithelial cell-tocell mechanism.
We have observed a regular array of slender nerves, A scanning electron micrograph of a transversely fractured spine, after Clorox treatment, is shown in Fig. 2a, and a sector of a 1-,gm section of a plastic embedded spine is shown in Fig. 2b . The former reveals the complex crystalline framework of the spine shaft, including the fenestrated tubular core and the regularly placed radial flanges, between which lie the spine nerves. Up to 21 nerves are present in the spines examined, and their regular disposition is shown in Fig. 2b . This light micrograph illustrates the epithelium investing the spine, together with thq basal laminar system flanking each radial crystalline flange in the intact spine and forming mesenteries extending from beneath the epithelium to the spine core and en route accommodating the cylindrical tracts of neurites that are situated at -40% of the distance between the spine surface and the tubular core.
Despite their depth within the spine, the fact that the nerves lie within radial prolongations of the epithelial basal laminar system indicates that they are part of the general basi-epithelial nerve plexus. Fig. 2c represents a survey transmission electron micrograph of a portion of a single nerve, including the accompanying basal lamina sheath. A high magnification field, including a few transversely sectioned neurites within a nerve, is illustrated in Fig. 2d . Fig. 2b-d represents material within the proximal region of the spine but at least 1 cm above the apex of the tissue cone of muscle and "ligament" that invests the spine base and its articulation with the test (8) . From the base, each spine tapers gradually to a pointed tip, and the nerve tracts become correspondingly smaller in diameter along the spine. In the proximal regions illustrated, each nerve bundle is 35-50 gm in diameter and contains >1000 neurites. Most of the latter are in the <0.1-to 0.3-,um diameter range, but some much larger profiles, up to =2 gtm, are included. We have traced some of these slender nerve processes to cell bodies situated beneath the surface epithelium near the apex of the tissue cone. Preliminary fine structural studies suggest that at least 20 neurites may stem from a single perikaryon at this level. It is possible, however, that some of the spine neurites arise from cell bodies situated more proximally, possibly within the nerve ring encircling each spine base above the test (6, 7) . In addition, some profiles within the spinal nerve tracts may represent proximal processes arising from cell bodies located near the spine tip.
The nerve cell processes (neurites) comprising the spine nerves conform to other neural components of echinoderms (7, 8) Although Hamann (1) did not further illustrate his statement that nerves ascend the spines of the sea urchin he studied, we suggest that our work on Diadema substantially supports his proposal. Bullock (9) has investigated the "spine convergence" response previously considered by von Uexkull (11) and also described here. While Bullock's experimental work was particularly concerned with the spine-to-spine pathway, which he was able clearly to distinguish from a coelenterate-type nerve net at the level of the test epithelium, the present findings are directly relevant to some of his observations. Thus, Bullock noted that "very slight tactile stimulation of the side of the spine, sometimes even near its tip, is a strong stimulus for movement of neighboring spines."
While the neural pathway functionally linking the array of spines has yet to be determined, the present anatomical and electrophysiological findings are consistent with the sensitivity of spines noted in several genera by Bullock (9) and document an intrinsic portion of the basi-epithelial plexus within the spine shaft. Whether this system is of general occurrence has yet to be ascertained, but documentation of this presumably sensory system in Diadema is of physiological interest.
In the absence of structural or other evidence of effector cells along the spine shaft, we conclude that they are primarily sensory in function, although what type of stimuli they receive is undetermined. As such, they are of interest to comparative physiologists because of their length and regularity of distribution reflecting the radial symmetry of the spine shaft and their spatial separation from non-nervous tissue.
